Dimers of G protein-coupled receptors (GPCRs) are believed to be important for signaling with their associated G proteins. Low-resolution electron microscopy has shown rhodopsin dimers in native retinal membranes, and CXCR4 dimers have been found in several different crystal structures. Evidence for dimers of other GPCRs is more indirect. An alternative to computational modeling studies is to search for parallel dimers in the packing environments of the reported crystal structures of GPCRs. Two major structural types of GPCR dimers exist (as predicted by others), but there is considerable structural variation within each cluster. The different structural variants described here might reflect different functional properties and should provide a range of model structures for computational and experimental examination.
Introduction
Do G protein-coupled receptor (GPCR) dimers exist, and if they do, what do they look like? These are longstanding questions that are important for understanding GPCR function. Images of ordered arrays of rhodopsin in native membranes (Fotiadis et al., , 2006 Liang et al., 2003; Filipek et al., 2004) are consistent with dimers and higher oligomers, and electron-microscopic studies of transducinrhodopsin complexes further indicate that rhodopsin dimers exist and are physiologically functional (Jastrzebska et al., 2011 (Jastrzebska et al., , 2013 . Other GPCRs are also believed to form dimers (Palczewski & Orban, 2013; Ferré et al., 2014; Kasai & Kusumi, 2014; Vischer et al., 2015; Gahbauer & Bö ckmann, 2016; Farran, 2017; Tian et al., 2017) .
Crystal structure determinations of GPCRs have shown a basic protein-folding topology of seven transmembrane helices (TM1-TM7), with an eighth helix (H8) oriented parallel to the membrane surface in some GPCRs. Analysis of crystal-packing interactions led to the suggestion of two possible interfaces that are involved in dimer formation. One such interface involves transmembrane helices TM1 and TM2 as well as helix H8. Another interface of interest makes use of TM3, TM4, TM5 and TM6. These interfaces are small in area, with no amino-acid residues sufficiently buried to be considered 'core' residues. Computational analysis of these interfaces (Duarte et al., 2013) suggests that most of them do not result in physiologically relevant dimers. More recently, Baltoumas and coworkers used molecular-dynamics calculations to investigate the stability and dynamics of potential dimers extracted from crystal structures along with dimers modeled de novo (Baltoumas et al., 2016) . Their results are consistent with these two major candidates for dimer interfaces. Table 1 Crystal forms and GPCR-GPCR interactions.
The PDB identification code for the exemplar structure is given for each crystal form. The number of packing interfaces is provided for each crystallographically unique GPCR chain in the structure. The numbers of parallel, antiparallel, criss-cross and other interfaces, as well as the number of interfaces with bSAS values of less than 400 Å 2 (No. too small), are also listed. The last column contains the PDB identification codes for isomorphous structures. There are 121 unique crystal forms, some of which contain more than one molecule in the asymmetric unit, and this leads to 173 crystallographically unique GPCR molecules, i.e. GPCRs found in different packing environments. The number of close neighbors for each of those varies from 0 to 12 GPCR molecules. (For some of the structures where a GPCR is cocrystallized with other proteins, for example its G protein or a crystallization chaperone, there may be no or few GPCR-GPCR interactions.) A 400 Å 2 cutoff in buried solventaccessible surface area (bSAS) per protein molecule limited the pairs of GPCRs for further consideration to 319 (out of a possible 1033), even though the cutoff is significantly smaller than the bSAS values for biologically significant oligomers (Janin, 1997) . The bSAS calculations were carried out largely to identify the molecular regions involved in GPCR-GPCR interactions.
The pairs of GPCRs were inspected visually and classified into four groups: parallel dimers, antiparallel dimers, crisscross dimers and others (see Table 1 ). 71 pairs contained GPCRs oriented parallel to one another, as would be expected for pairs that could possibly interact within a membrane. The exact orientation of these molecules with respect to a membrane is unknown, as is the location of the membrane relative to the long axis of the molecules. The membrane is assumed to be roughly perpendicular to the axes of the transmembrane helices. In this case, the molecules in these 'parallel' orientations would have their N-termini on one side of the membrane and their C-termini on the other. 137 of the interfaces involve pairs of receptors with the helices of one GPCR opposite in orientation relative to the other GPCR. 20 interfaces contain molecules with their transmembrane domains roughly perpendicular to each other. Finally, there are 91 interfaces that do not involve contacts between the transmembrane domains. Many of the crystal structures are of GPCRs fused to other proteins to enhance their stability and/or crystallization properties. The interactions holding the crystals together in some cases are between the intracellular and extracellular loops and the fusion domains. Some of these represent modes of interaction that might be found in native membranes, but they have been omitted from this study.
The 71 interfaces with GPCRs in parallel orientations will be called dimers for convenience, but it should be remembered that it is unknown whether they form stable complexes in membrane environments. The molecules forming each dimer are listed in Tables 2 and 3 along with information allowing their identification in the PDB. The first molecule listed for a dimer is considered to be the base or central molecule used for superpositions of the dimers.
The GPCRs in the parallel dimers are related by combinations of rotations and translations. The 29 interfaces listed in Table 2 involve GPCRs that are not related by twofold rotation axes. 11 of the interfaces involve proteins related by translational symmetry with rotations of 0.0 or 2.2 . Four of the 11 interfaces have two entries in the table because both molecules forming the interface bury more than 400 Å 2 of solvent-accessible surface. The other three interfaces have only one entry each in the table because one of the two GPCRs buries less than 400 Å 2 in the interface. The interactions involved in all 11 interfaces are heterologous, and when repeated lead to infinite oligomers, not discrete dimers. However, these arrays might account for those observed for rhodopsin in native membranes .
There are 18 parallel interfaces involving molecules related by approximate or exact threefold, fourfold and sixfold rotational axes perpendicular to the assumed membrane plane. These interactions are also heterologous, so again the interfaces appear twice in Table 2 . There are three interfaces between molecules related by approximate sixfold rotation axes, and one with exact sixfold symmetry. Four interfaces have approximate fourfold symmetry, and one has exact threefold rotational symmetry. The exact rotation axes result in a cyclic hexamer or cyclic trimer. Subunits related by approximate n-fold axes do not form closed cyclic oligomers. Interfaces between parallel GPCRs that are not related by twofold rotational symmetry.
The central subunit is positioned as in the deposited PDB file. The symmetry operation is applied to the fractional coordinates of the second chain. The rotation column is derived from the transformation relating the transmembrane helices of the subunits. The buried solvent-accessible surface (bSAS) values are for the central molecule and its transmembrane helices. Noncrystallographic (NCS) and crystallographic symmetry (Cryst) are noted. Entries with no molecule name listed are the opposing faces for the interfaces listed immediately above them. The 42 remaining parallel interfaces contain GPCRs with transmembrane domains related by twofold rotational symmetry axes perpendicular to the membrane plane. Crystallographic twofold axes relate the GPCRs in 20 of these interfaces, and because the interfaces were generated for each of the crystallographically unique GPCRs, these interfaces appear only once in Table 3. 22 pairs involve noncrystallographic twofold axes and appear twice in the table. Strictly speaking, the interactions between the molecules in these dimers are heterologous. The two molecules in a dimer are not crystallographically identical, and the inter-protein interactions are not entirely symmetric. However, most of the angles of rotation relating the pairs of molecules are close to 180 (with the largest deviation from 180 being 3.4 ). Comparison of the bSAS for the molecules in these dimers show that for eight of the pairs the difference in bSAS between the two interacting molecules is less than 5% of research papers Acta Cryst. (2018). D74, 655-670
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The central subunit is positioned as in the deposited PDB file. The symmetry operation is applied to the fractional coordinates of the second chain. The rotation column is derived from the transformation relating the transmembrane helices of the subunits. The buried solvent-accessible surface (bSAS) values are for the central molecule and its transmembrane helices. Noncrystallographic (NCS) and crystallographic symmetry (Cryst) are noted. Entries with no molecule name listed are the opposing faces for the interfaces listed immediately above them. The dimer label column is used throughout the rest of the paper to identify the dimers. the larger bSAS value. The molecules in these eight pairs appear to be nearly identical, so the one with the larger bSAS has been used as the archetype for this dimer. For three of the interfaces (labeled 13, 21 and 27 in Table 3 ), larger differences in the bSAS for the molecules involved indicate that these interactions are more heterologous. To avoid overcounting of particular structures, only the GPCR with the larger bSAS will be considered further. Fig. 1 displays the result of superposing the 31 dimers listed in Table 3 that contain GPCRs related by twofold rotation axes. The dimers were oriented by superposing the helices of each base molecule on the transmembrane helices of chain A of PDB entry 4x1h (opsin; Blankenship et al., 2015) . A line connecting the centers of mass of the molecules in each pair was generated (see Fig. 1a ), and all 31 lines are shown in Fig. 1(b) .
Dimers 1-13 (see the listing in Table 3 ) form a cluster on the right of Fig. 1(b) and contain receptors interacting mainly through helices TM1, TM2 and H8. Those on the left (dimers 14-31) are formed by interactions between helices TM3, TM4, TM5 and TM6. Table 4 lists the helices in the base molecules forming contacts in the dimer interfaces, and Table 5 lists the specific residues in the base molecules involved in each interface.
The identification of these general inter-helical interactions is not a new observation. Katritch and coworkers commented on several crystallographic dimers , and Baltoumas and coworkers included 16 crystallographic and computationally modeled dimers in their molecular-dynamics study (Baltoumas et al., 2016) . The systematic search described here provides additional crystallographic examples of possible dimers. This larger set of examples shows the range of structures in the two clusters of dimers.
While the subunits in dimers 1-13 mainly interact via helices TM1, TM2 and H8, the relative orientation of the twofold rotation axes relating the subunits in these dimers varies across the set. The subunits in dimers 1, 2, 3, 4 and 5 are arranged such that their twofold axes are parallel to the long axes of the central receptor shown in Fig. 1. Fig. 2(a) is a view of dimer 4 looking approximately down its twofold rotation axis, and is representative of this group of dimers. In this group, H8 from the left subunit is above that from the right subunit (see Fig. 2b ).
Dimers 6, 10 and 11 form another group with their two subunits twisted about the line between their centers when compared with the dimers in the first group (compare Figs. 2c  and 2a ). As seen for dimer 6, the positions of H8 switch such research papers 662 Stenkamp Identifying G protein-coupled receptor dimers from crystal packings Acta Cryst. (2018). D74, 655-670 Table 4 Structural elements of the central molecule forming the dimer interface. Table 3) TM1 TM2 TM3 TM4 TM5 TM6 TM7 H8   1 x
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Schematic showing the locations of the lines-of-center of dimer subunits. (a) Two GPCRs in a dimer with a line joining their centers viewed perpendicular to the plane of the membrane. TM1 is shown in blue, TM2 in dark green, TM3 in chartreuse, TM4 in yellow, TM5 in gold, TM6 in orange, TM7 in red and H8 in cyan. The colors for the second subunit are the same but in transparent mode. (b) A similar plot but showing the lines connecting the centers of each of the 31 parallel dimers showing twofold rotational symmetry (see Table 3 ).
that H8 from the left subunit is now below that from the right subunit (Fig. 2d ). This structural difference positions the opposite side of the helix for subunit-subunit interactions compared with the dimers represented in Fig. 2(a) . A third set of dimers (7, 8 and 9) also contain subunits twisted about their line of centers relative to the first group (see Fig. 2e ); however, the sense of this twist is opposite to that of the second group. Associated with this different twist, H8 from the left subunit is again above that from the right subunit (see Fig. 2f ). In dimers 12 and 13 there are no H8 helices, and this relaxes any restraint that the helix places on subunitsubunit orientation. The connection between the orientation of the subunits and the position of H8 in the interface was made by Baltoumas et al. (2016) , and the role of H8 in GPCR functioning has been noted (Sato et al., 2016) with a focus on its interactions with other structural elements of its GPCR and on interactions between the GPCR and G proteins. It is also possible that amino-acid sequence differences or physical research papers Acta Cryst. (2018). D74, 655-670
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The generic GPCRdb numbering is taken from http://gpcrdb.org/.
(a) Dimers 1-13. Dimer label (see Table 3 conditions controlling helix folding of H8 might modulate signaling by affecting the role of H8 in the dimer interface.
On the other side of Fig. 1(b) , the interfaces for dimers 14-31 are formed by inter-helical interactions involving TM3, TM4, TM5 and/or TM6 (see Fig. 3 and Table 4 ). These structures cover a broad range of orientations, but they can also be grouped according to the locations of the twofold rotation axes relating their subunits. The transmembrane helices in the subunits for these dimers are all roughly perpendicular to the membrane plane, but the rotation axes are found at different positions around the surface of the central molecule. This results in a systematic variation in the helices forming the dimer interactions (see Fig. 3 ). Dimer 18 is representative of dimers 16-20 (see Fig. 3a ), where TM3, TM4 and TM5 are found at the interface. Dimer 24 is near the center of dimers 21-27 ( Fig. 3b) , where TM6 joins the set of interacting helices. Finally, for dimer 28 (Fig. 3c ) the dimeric interface has moved along the surface to the point where neither TM4 nor TM6 makes contacts between the subunits. As is the case for dimers 1-13, considerable structural varia- Trp166  4x58  Val373  4x59  Ile181  Ala374  Thr141  4x62  Ala377  Val1249  Phe144  4x63  Val378  Gly1250  Gly145  4x64  Trp146  4x68  Ser150   5x30  Glu153  5x31  Arg154  5x34  Ser195  5x35  Thr196  5x38  Arg398  Glu1283  Glu178  Arg398  Ser199  5x39  Tyr399  Tyr399  5x41  Ala401  5x411  Tyr1287  Tyr182  5x42  Gly402  Phe183  Gly402  Cys203  5x421  Phe403  Phe403  5x45  Ala406  Ala406  5x46  Pro407  Val1292  Val187  Leu207  5x49  Leu410  5x52  Ile413  5x53  Val414  Val414  5x56  Tyr417  Tyr417  5x57  Phe418  Phe418  5x60 Arg421 Arg421 6x56 Phe474 tion is found in the interfaces for dimers 14-31, enough to provide several possible beginning points for homologymodeling projects. The residues in the transmembrane helices in the dimer interfaces are listed in Table 5 . As expected for interactions between transmembrane helices, most of the residues involved are hydrophobic. At the ends of the helices, hydrophilic residues can form hydrogen bonds to other polar groups, and a few polar residues are also found in the central parts of the helices. The identification of residue positions that might be crucial for inter-subunit interactions is complicated by the multiple occurrences of particular GPCRs in Table 5 . For example, while residue position 1x40 (GPCRdb numbering; Isberg et al., 2016) is located in the interfaces of nine dimers, if 1 -adrenergic receptor and rhodopsin are counted only once this number decreases to five. Similarly, counting the CXCR4 dimers only once significantly changes the number of times residues such as 3x51 or 5x38 are found at dimer interfaces. Dimer label (see Table 3) 21  22  23  24  25  26  27  28  29  30 While the orientation of the GPCRs in the interfaces reported here is consistent with them being in natural membranes, it is not clear that the observed inter-GPCR interactions are strong enough to be biologically relevant. The contributions of 'core' residues to stabilizing intermolecular contacts are major considerations in the EPPIC web server (http://www.eppic-web.org/ewui/#; Duarte et al., 2012) , which was designed to determine the oligomeric states of membrane proteins. Most of the dimers listed in Table 3 have small bSAS, and there are few, if any, 'core' residues in their interfaces. EPPIC suggests that the interfaces found in the 31 possible dimers are characteristic of crystal-packing interfaces and not biologically relevant interfaces. Post-translational modifications and bound ligands further complicate this issue since they can stabilize the dimer interactions. Views of the interactions of these moieties with GPCRs are difficult to find since only a few of the low-or moderate-resolution crystal structure models include these groups. Table 3 appear to involve extensive biologically relevant interfaces, it is noteworthy that CXCR4 appears in the table six times (dimers 21-24, 26 and 27). As noted in the original structure reports (Wu et al., 2010; Qin et al., 2015) , a CXCR4 dimer is found in six different crystal-packing arrangements, i.e. six different crystal forms. The six CXCR4 entries in Table 3 form a tight cluster in Fig. 1(b) and their structures are similar (see Fig. 3b ). These dimers make use of TM3, TM4, TM5 and TM6 in their intersubunit interfaces.
While none of the entries in
Another receptor that appears several times in Table 3 is the 1 -adrenergic receptor Warne et al., 2008; Moukhametzianov et al., 2011; Miller-Gallacher et al., 2014) . In dimers 5, 6 and 11, TM1 and TM2 form the major interactions between the subunits. Dimers 6 and 11 are similar, but their subunits are oriented differently from those in dimer 5 (see Fig. 2 ). 1 -Adrenergic receptor dimers can also be formed by interactions using TM3, TM4 and TM5 (dimer 25). As opposed to the case of CXCR4, where the same interaction mode between GPCRs is seen in several crystal-packing arrangements, fundamentally different dimers of the 1adrenergic receptor need to be considered for studies of its oligomerization.
Rhodopsin/opsin dimers appear four times in Table 3 (dimers 1, 7, 8 and 9). Dimer 1 is formed by subunits that are nearly aligned. Dimers 7, 8 and 9 are similar in structure, with subunits twisted relative to one another ( Fig. 2e ). TM1 and TM2 form part of the subunit interfaces in all four dimers. Residues from TM6, TM7 and H8 are found at the interface in dimer 1, while dimer 8 also makes use of TM7 and H8 in its dimer interface. Low-resolution electron-microscopic, computational (PDB entry 1n3m), cross-linking and mutagenesis studies Jastrzebska et al., 2011 Jastrzebska et al., , 2017 resulted in the development and support of a rhodopsin dimer (PDB entry 1n3m) that utilizes TM4 and TM5 in the dimer interface. While this type of dimer is not consistent with the pairs seen in the rhodopsin/opsin crystal structures, it is like dimers 17-25.
Conclusions
Two major types of GPCR dimers deduced from their crystal structures have been identified by others Baltoumas et al., 2016) . Previous studies have focused on particular receptors and their possible oligomers. What is unclear from the published records is whether all packing interactions in known GPCR crystal structures have been considered in these studies. The larger number of experimentally determined GPCR crystal structures now available provides an opportunity to see how varied the members of those clusters are.
In the case of the dimers formed by interactions involving TM1 and TM2, twisting of the subunits around the line between their centers affects the overall relative orientations of the subunits. In addition, this has a major effect on H8 and how it interacts with other parts of its own GPCR and/or its dimeric mate. These structural differences might be associated with the effects of H8 on GPCR function.
Because of the recurring CXCR4 dimers and the rhodopsin modeling, the TM3-TM6 interface has been the focus of much attention. However, not all GPCR dimers based on this interface make use of it in the same way. There is a continuum of structures using portions of this interface because it covers such a large part of the transmembrane surface of the protein.
The variation can be seen in Table 4 , where dimers 14-18 mainly have TM3-TM5 between the subunits, dimers 19-29 use TM3-TM6, and finally dimers 30-31 are stabilized by interactions of TM5 and TM6. The different pieces of this surface used in forming dimers is a complication of some importance because it expands the number of possible starting models for computational studies of GPCR dimerization.
Examination of all of the dimeric crystal-packing interactions also shows that only certain parts of the transmembrane surfaces of GPCRs are involved in forming parallel dimers. This appears as the systematic split in the dimers in Fig. 1(b) . It is apparent from comparing interfaces from the crystal structures that not all combinations of transmembrane helices can lead to stable dimers. This restriction on which helices form dimeric interfaces is a powerful restraint to be considered in modeling GPCR dimers.
